Abstract: Low-cost chitosan beads were prepared by dropping chitosan solution into an alkaline bath and then were used for Cr(VI) and Zn(II) ions adsorption from aqueous solution. Prepared chitosan beads were characterized by Fourier transform infrared spectroscopy (FTIR), thermal gravimetric analysis (TGA), BrunauerEmmett-Teller (BET) measurements, scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDS). The effect of solution-pH, contact time, initial ion concentration, and temperature on both metal ions adsorption was investigated. The kinetics of adsorption suggested a pseudo-second-order model fits better than pseudo-first-order model for both metals. The equilibrium adsorption isotherm of both metals matches well with the Langmuir isotherm model. The maximum adsorption capacity of chitosan beads was 79.56 mg Cr(VI)/g and 109.18 mg Zn(II)/g at initial ion concentration 1,000 mg/L, and temperature 10 °C. Thermodynamic parameters showed that the adsorption of Cr(VI) and Zn(II) ions onto chitosan beads was feasible, spontaneous, and exothermic under the studied conditions. While the chitosan beads enabled a good adsorption application, further lab work and field studies are necessary before using in a practical adsorption process. 
PUBLIC INTEREST STATEMENT
Cr(VI) and Zn(II) ions in water and wastewater streams are not biodegradable in nature and they have a significant effect on the ecosystem and human health. So, it is important to remove them before supplying water to the public. The objective of this study is to examine the performance of new composite adsorbents that were prepared from sustainable material, chitosan, to remove Cr(VI) and Zn(II) ions from aqueous solution instead of using traditional adsorbents such as activated carbon which is more expensive. In addition, we investigated the optimum adsorption conditions to enhance the adsorption capacity of Zn(II) and Cr(VI) ions from aqueous solution. Overall results from this research suggest that the prepared chitosan beads could be employed as a cost-effective and excellent alternative adsorbent for Cr(VI) and Zn(II) ions removal from water and wastewater.
Introduction
The most important and essential compound on the ground is water for all living creatures. However, rapidly growing population, climate change, and environmental deterioration affect the quality of water supplies. Water contamination caused by heavy metals has been identified as serious environmental issues worldwide, since heavy metals are highly toxic, non-biodegradable, non-metabolizable, and can cause many biological abnormalities and tend to accumulate in the food chains. Heavy metals mainly exist in the wastewaters of many industries such as metal plating, mining operations, electric device manufacturing, and battery production (Min et al., 2015) . There are many heavy metal ions including chromium and zinc that appear in the US Environmental Protection Agency's priority list of pollutants due to their high toxicity, prevalence, existence, and persistence in the environment (Satya, 2015) . The accumulation of Cr(VI) in human body causes a stomach erosion, hemorrhaging, and death is likely. The main symptoms of Zn(II) poisoning are an electrolyte imbalance, stomachache, dehydration, nausea, dizziness, and incoordination in muscles (Jain, Singhal, & Sharma, 2004) . Physical, chemical, and biological processes for heavy metals removal from wastewater have been extensively researched and used such as adsorption, reverse osmosis, ion exchange, evaporation, solvent extraction, chemical precipitation, filtration, flotation, membrane, coagulation and flocculation, and electrochemical methods (Hua et al., 2012) . Adsorption has been considered as the most cost-effective method for heavy metals removal from aqueous solution because the process is simple in design and chemical consumption or/and waste generation are not a significant issue compared with other methods. Traditional adsorbents such as activated carbon are not efficient in a low concentration of pollutants, and therefore it needs additives with a higher surface area to enhance the adsorption capacity. In recent decades, bioadsorbent materials for biological origin have emerged as an attractive material for removing heavy metals from wastewater streams, largely because these materials are sustainable, abundant in nature, cheap, effective in low and medium metal level, and easy to regenerate for reuse (Babel & Kurniawan, 2003) . Many biological materials have shown a good adsorption capacities for heavy metals from aqueous solution such as alginate (Pandey, Bera, Shukla, & Ray, 2007) , seaweed (Ghimire, Inoue, Ohto, & Hayashida, 2008) , husk (Ricordel, Taha, Cisse, & Dorange, 2001) , sugar beet pulp (Ozer & Tumen, 2005) , and chitosan (Zhao, Repo, Yin, & Sillanpää, 2013) .
Chitosan is a natural organic material, commercially produced by partial deacetylation of chitin, which is the second plentiful organic component in nature next to cellulose polymer. Due to the presence of amino (-NH2) and hydroxyl (-OH) groups in its structure, chitosan is capable to adsorb heavy metals from aqueous solution by creating an electronic bond between these active sites and metal ions (Jagtap et al., 2009; Ngah, Ab Ghani, & Kamari, 2005) . In addition, chitosan has been investigated by many studies as an excellent material for heavy metal adsorption such as cadmium and copper (Shyam & Arun, 2014) , arsenic (Min et al., 2015) , and chromium and zinc (Annaduzzaman, 2015; Qudsieh, Mirghani, Kabbashi, & Muyibi, 2014; Sofiane & Sofia, 2015; Toledo et al., 2014) .
In this study, chitosan was prepared in spherical shape instead of using its original form powder, which has been applied in previous studies, to enhance its total surface area, reduce its agglomeration in acidic media, and to increase the metal ions spreading onto active sites, and then it was used to remove Cr(VI) and Zn(II) ions from aqueous solution. In addition, the performance of prepared chitosan beads was characterized by Fourier transform infrared spectroscopy (FTIR), thermal gravimetric analysis (TGA), Brunauer-Emmett-Teller (BET) measurements, scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDS). Moreover, the adsorption process was examined as a function of solution-pH, contact time, initial metal ion concentration, and temperature.
Eventually, adsorption isotherms, thermodynamic parameters, and the mechanism of adsorption were investigated.
Materials and methods

Materials
Medium molecular weight chitosan biopolymer (deacetylation degree is 87%, the molecular weight is ~190,000-310,000 g/mol) was procured from Aldrich Chemical Corporation and used to synthesize chitosan beads. Zinc sulfate heptahydrate (H14O11SZn) and potassium dichromate (K2Cr2O7) were used to prepare a stock solution containing 1,000 mg/L of Cr(VI) or Zn(II) ions. Sodium hydroxide, oxalic acid, and deionized water were used to adjust the solution-pH and to dissolve chitosan. All chemicals that were used in this study were analytical grade and used as received without further purification.
Preparation of chitosan beads
Chitosan gel solution was prepared by dissolving 20 g of chitosan into 1 L of 0.2 mol/L oxalic acid solution under continuous stirring. The chitosan solution was heated to 65-70 °C to facilitate acylation. Spherical chitosan beads were prepared using the dropwise method-dropwise addition of the chitosan mixture gel solution into a precipitation bath containing 0.8 mol/L NaOH solution. The objective of dropping chitosan gel solution into a basic solution is to rapidly neutralize the drops and get a spherical shape of chitosan beads. The chitosan hydrogel beads remained in the NaOH solution with slowly stirred mixing (60 rpm) for 6 h for hardening. The hardened spherical chitosan beads were washed by deionized water for neutralizing and removing sodium ions that might be attached to the chitosan beads. Eventually, the chitosan beads were dried by vacuum furnace for 24 h at 70 °C. The final dry chitosan beads had an average diameter of 1 mm and they were available for adsorption experimental work as shown in Figure 1. 
Adsorption experiments
Batch adsorption experiments of Cr(VI) and Zn(II) ions adsorption onto chitosan beads from aqueous solution were studied at initial metal concentrations of 50, 100, 250, 500, and 1,000 mg/L. In a series of 125 mL Erlenmeyer flasks, 50 mL of Cr(VI) or Zn(II) liquid solution at different concentrations and 0.5 g of chitosan beads were agitated in an orbital shaker at 200 rpm for 8 h. The volume of the liquid solution without chitosan beads was 42.5 mL, measured by burette after 8 h of stirring, and that volume was used to determine the chitosan beads adsorption capacity. After a certain time, samples were taken from the flasks and filtrated to determine the final metal ion concentrations in the solution samples. Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) was used to determine the metal ion concentration in the samples. When the steady state of adsorption attained, the adsorption capacity of chitosan beads was determined using Equation (1) that generated from the mass balance of metal ions (Zhou, Li, Jin, Lian, & Han, 2017) , where q e is the equilibrium adsorption capacity (mmol/g), C 0 is the initial metal concentration in the solution (mmol/L), and C e is the equilibrium metal concentration in the solution (mmol/L), V is the volume of solution (L), and m is the mass of chitosan beads (g). Batch adsorption runs were studied at different temperatures, different initial metal ion concentrations, different solutions-pH, and different contact times.
Results and discussion
Characterization of chitosan beads
Chitosan beads were characterized to estimate some of their physical and chemical properties. They provide a better interpretation of Zn(II) and Cr(VI) adsorption mechanism associated with the adsorption process. Some physical and chemical properties of dried chitosan beads are summarized in Table 1 . We can see that the BET surface area of chitosan beads was found to be 1.9 m 2 /g, which is not too large compared to other adsorbents like activated carbon and silica because chitosan material in its natural form is soft. The solution-pH of chitosan beads at the point of zero charges (pHZPC) was 5, that means the surface of chitosan beads has a positive charge at pH less than 5, which is presumably created by the protonation of amine groups in the chitosan. Therefore, the negative species are favorite to adsorb at low pH and species that have positive charges (heavy metals) are easily adsorbed and interacted on chitosan beads at pH greater than 5.
Thermal gravimetric analysis (TGA) ( Figure S1 , supplementary material) was done to investigate the thermal stability of chitosan beads. Figure S1 shows that there are three distinctive steps of weight loss. First, about 5% weight loss occurred at 144 °C due to the loss of water content (dehydration). Second, 24% weight loss occurred at 370 °C which may correspond to the degradation behavior of the chitosan. Third, about 38% weight loss happened at 686 °C which may correspond to the decomposition (thermal and oxidative) of chitosan. More details can be found in the Supplementary Material Results of Fourier transform infrared spectroscopy (FTIR) analysis are shown in Figure S2 . It can be seen that the chitosan beads exhibit a large band of the amine group (N-H) stretching between 3,200 and 3,510 cm −1
, and a peak between 1,400 and 1,655 cm −1 corresponds to C=N stretching bond. These observations indicate that the amine groups are present in chitosan beads and successfully bonded with heavy metals, indicating that the metal ions are adsorbed onto chitosan beads (Qi, (1) Xu, Jiang, Hu, & Zou, 2004) . It can be seen from scanning electron microscopy (SEM) images ( Figure  S3 ) that the surface of fresh chitosan beads is wrinkle and porous, whereas the surface of loaded chitosan beads with heavy metals is less porous due to the adsorption of heavy metals.
In order to determine the elemental composition of the chitosan beads, energy dispersive X-ray spectroscopy (EDS) analysis was attained. EDS analysis clearly shows the presence of C, N, and O, which can be seen in Figure S4 . The higher percentage of O along with N enhances the interaction between chitosan beads and heavy metals. Figure 2 shows the effect of solution-pH on the adsorption of Zn(II) and Cr(VI) ions onto chitosan beads. These results show that the Cr(VI) ion adsorption was raised up from 1.2 mmol/g at pH 2 to 1.53 mmol/g at pH 5 and then was raised down to 1.35 mmol/g at pH 8. The maximum rate of Cr(VI) removal from aqueous solution onto chitosan beads was about 1.53 mmol/g (79.56 mg/g) at pH 5. In acidic solution, the Cr(VI) ions are mostly in form of H 2 CrO 4 which has a neutral charge and does not adsorb onto chitosan beads. It is assumed that the competition happened between the remaining Cr(VI) ions as CrO ions and chitosan beads, which decreases the adsorption capacity of Cr(VI) in basic solution (Malkoc, Nuhoglu, & Dundar, 2006; Toledo et al., 2014) .
Effect of initial pH on adsorption
The increase in Zn(II) ions removal with increasing solution-pH from 2 to 6 could be explained by reducing the hydrogen proton (H + ) and positive Zn(II) ions competition at the same active sites on chitosan beads. In acidic media, chitosan beads surface is positively charged due to the protonation of amino groups, which decreases the interaction between active sites in chitosan beads and Zn(II) ions (Karthikeyan, Anbalagan, & Andal, 2004) . After solution-pH exceeded 6, it was observed that the zinc hydroxide was formed and precipitated in the solution. The results showed that the Zn(II) adsorption onto chitosan beads from aqueous solution was affected strongly by solution-pH and the maximum adsorption capacity for Zn(II) ion was 1.67 mmol/g (109.18 mg/g) at pH 6. In addition, it was observed that at low solution-pH (pH = 3), swelling and agglomeration of chitosan beads occurred and tended to form a gel.
Effect of initial ion concentration on adsorption
The effect of initial metal concentration on adsorption capacity of Cr(VI) and Zn(II) ions onto chitosan beads was investigated by considering different ranges of initial Cr(VI) concentrations (0.96, 1.92, 4.8, 9.6, and 19.23 mmol/L) at pH 6 and temperature 10 °C. And for Zn(II) ions, initial concentrations were 0.76, 1.53, 3.8, 7.65, and 15.3 mmol/L at pH 5, temperature 10 °C, and 0.25-8 h contact time. Varying the initial metal concentration can affect the driving forces of adsorption and consequently affect the adsorption behavior of metal ions onto chitosan beads. The results are illustrated in Figure 3 . Cr(VI) ions removal was significantly increased from 0.084 to 1.53 mmol/g when the initial Cr(VI) concentration increased from 0.96 to 19.23 mmol/L. However, increasing the initial Zn(II) concentration from 0.76 to 15.3 mmol/L caused an increase in Zn(II) removal from 0.1 to 1.67 mmol/g onto chitosan beads. That is because, at high initial metal concentration, the concentration gradient between bulk solution and chitosan beads surface overcomes the mass transfer resistance of Zn(II) and Cr(VI) ions. The adsorption of both metals was rapid in the first 1.5 h and then slowed down until it reached the equilibrium in around 3 h in most of the adsorption runs. It is understood that all the adsorption sites are available at the initial stage (fast adsorption), while the adsorption sites are gradually occupied with the adsorption process until all of them are not be free. These results show that the adsorption process of Cr(VI) and Zn(II) ions onto chitosan beads from aqueous solution is fast and affected significantly by initial metal ion concentration.
Effect of temperature on adsorption
The effect of temperature on the adsorption of Cr(VI) and Zn(II) ions onto chitosan beads was investigated at 10, 20, 30, and 40 °C. As shown in Figure 4 , the results showed that the low temperatures were favorite for Cr(VI) and Zn(II) ions adsorption onto chitosan beads. It can be seen that due to a temperature increase from 10 to 40 °C, the Zn(II) adsorption was reduced to 1.34 mmol/g from 1.67 mmol/g, whereas, the Cr(VI) adsorption was decreased from 1.53 at 10 °C to 1.12 mmol/g at 40 °C. The reason for this phenomenon is when the temperature increases, the solubility of metal ions species increases in the solution. Consequently, the van der Waals interaction forces between the metal ions and solution are stronger than those between metal ions and adsorbent (Saha & Chowdhury, 2011) . As a result, the metal ions are more difficult to adsorb at high temperature. Thermodynamic parameters including Gibb's free energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°) were determined for Cr(VI) and Zn(II) adsorption onto chitosan beads using Equation (2) (Tellinghuisen, 2006): where ΔGo can be expressed as, Substituting Equation (2) into (3) provides the van't Hoff equation (Salih & Ghosh, 2018; Tellinghuisen, 2006) , where R is the universal gas constant (8.314 J/mol.K), T is the absolute temperature (K), ΔG° is Gibb's free energy (J/mol), and K d is the equilibrium partition coefficient between solid and liquid solution (L/g), C e is the equilibrium concentration of metal ions in the solution (mmol/L), q e is the equilibrium adsorption capacity onto chitosan beads (mmol/g).
By plotting (ln K d ) against 1/T, the values of ΔH° (J/mol) and ΔS° (J/mol) can be determined ( Figure  5 ). The determined ΔH° may be considered as the heat of adsorption when the adsorption capacity of chitosan beads reaches its saturated capacity of Cr(VI) or Zn(II) ions. Obtained values of ln K d , ΔH°, ΔS°, and ΔG° are listed in Table 2 . The results of metal ions adsorption onto chitosan beads show that the adsorption process was exothermic and the negative values of ΔG° at the low temperature specified that the adsorption was spontaneous. The thermodynamic parameter values that were obtained in this study are in a good agreement with Aydin and Aksoy (2009) and Hawari, Rawajfih, and Nsour (2009) .
Isosteric heat of adsorption (ΔH x ) is a useful pertinent thermodynamic factor for characterizing the temperature effect on the adsorption process. It is defined as the heat of adsorption occurring at constant adsorption capacities of metal ions onto adsorbent using the well-known ClausiusClapeyron Equation (Saha & Chowdhury, 2011) , Integrating Equation (6), assuming that the ΔH x does not depend on temperature, gives Equation (7) (Saha & Chowdhury, 2011), where Kq is the integral constant (mmol/L), C e is the equilibrium concentration of metal ions in the solution (mmol/L), R is the universal gas constant (8.314 J/mol.K), T is the absolute temperature (K). From the slope of plotting (ln C e ) against 1/T (Figures 6 and 7) , the value of ΔH x can be determined. Values of ΔH x were obtained at different temperatures (10, 20, 30, and 40 °C) and at different adsorption capacities of Cr(VI) or Zn(II) ions onto chitosan beads. From Table 3 , it could be seen that the variation of ΔH x values with adsorption capacities of Cr(VI) or Zn(II) is indicative that the chitosan beads have energetically homogeneous surfaces. In addition, the variation of ΔH x values with the adsorption capacities can be attributed to the possibility of the competition between the adsorbed heavy metal ions and other ions in solution such as Na, SO 4 , originating from metal salts onto the same active groups (-NH2, -OH). The results show that the ΔH x was strongly depended on the adsorption capacities, which decreased with increasing the adsorption capacities. This can be seen as a hint on a rather homogeneous surface of chitosan beads. Otherwise, in case the surface of chitosan beads would be heterogeneous, the ΔH x of metal ions adsorption onto chitosan beads would be constant even at varying adsorption capacities of metal ions (Saha & Chowdhury, 2011; Doke & Khan, 2013) . It can be assumed that the high value of ΔH x at low adsorption capacities (q e ) refers to high initial interactions between adsorbed metal ions and chitosan beads due to the presence of highly active amine and hydroxyl groups within the chitosan (Saha & Chowdhury, 2011) . 
Adsorption kinetics
The adsorption kinetics of Cr(VI) and Zn(II) adsorption onto chitosan beads were determined by carrying out measurements after different contact times (0.25, 0.5, 0.75, 1, 2, 3, 4 , and 8 h), a temperature of 10 °C, a solution-pH of 6, and an initial metal concentration of 1,000 mg/L. To explore adsorption behavior, both pseudo-first-order and pseudo-second-order models were used to fit adsorption data, as shown in Figure 8 . Generally, the linear pseudo-first-order and pseudo-second-order models are, respectively, expressed by Equations (8) and (9) (Ho & McKay, 1998; HO & McKay, 1999) , where q e and q t (mmol/g) are the adsorption capacities of metal ions onto chitosan beads at equilibrium and at time t (h), respectively, k 1 is the rate constant of the first-order adsorption process (h−1), k 2 is the rate constant of the second-order adsorption process [g/(mmol.h)].
It can be clearly observed from Figure 8 that the adsorption data of both metals were fitted better by the pseudo-second-order model (Figure 8(b) ) than the pseudo-first-order model (Figure 8(a) ), suggesting that the whole adsorption process is mainly controlled by chemisorption that is involved in valence forces for sharing or exchanging electrons through coordination or chelation between amine groups in chitosan beads and heavy metal ions (Zhang et al., 2017) .
Adsorption isotherms
Adsorption equilibrium was studied at different initial metal concentrations, for Cr(VI) ions at 0.96, 1.92, 4.8, 9.6, and 19.23 mmol/L, and for Zn(II) ions at 0.76, 1.53, 3.8, 7.65, and 15.3 mmol/L. The adsorption experiments were carried out at 10 °C for 8 h. The Langmuir and Freundlich models are the most commonly used isotherm models. The Langmuir isotherm model is based on monolayer adsorption onto an adsorbent surface containing a limited number of adsorptive sites with uniform energies. The Freundlich isotherm model, can be used for the adsorption onto heterogeneous surfaces and multilayer adsorption with different energies (Caner, Ahmet, & Mustafa, 2015) .
Langmuir and Freundlich isotherm models were fitted to the equilibrium adsorption data to determine the relationship between the adsorption isotherm parameters and to shed light on how the heavy metals interact with the chitosan beads surfaces. In linearized form, Langmuir isotherm is expressed as follows (Chou, Wang, Chang, & Chang, 2010) , where C e is the equilibrium concentration of metal ions in the solution (mmol/L), q e and q m are the equilibrium and theoretical maximum adsorption capacity (mmol/g), respectively. K L is the Langmuir constant (L/g) related to binding energy. (8) ln q e − q t = ln (q e ) − k 1 2.303 The Freundlich isotherm is given as follows (Chou et al., 2010) , where K F is the Freundlich constant (mmol/g) and n is the Freundlich exponent (-). Langmuir and Freundlich isotherms for Cr(VI) and Zn(II) adsorption onto chitosan beads from aqueous solution are presented in Figure 9 , and fitted kinetic parameters are shown in Table 4 . Based on the contrasting results of the correlation coefficients R 2 of Langmuir isotherm (R 2 L ) and Freundlich model (R 2 F ), the correlation coefficients of Langmuir isotherm (R 2 L ) were all above 0.91 for both metal ions, indicating that the data were fitted better by Langmuir isotherm than by Freundlich isotherm, suggesting that Langmuir isotherm model could well interpret the adsorption procedure, which indicates that the adsorption process of both metals on the chitosan beads is driven by the formation of a heavy metal monolayer on the adsorbent surfaces. In this case, such surfaces show a homogeneous morphology of chitosan beads and a finite number of identical active sites (Chou et al., 2010; Vaz, Pereira, Fajardo, Azevedo, & Rodrigues, 2017) .
Conclusions
This study indicates that the removal rate of Cr(VI) and Zn(II) ions from aqueous solution onto chitosan beads was excellent and up to 1.67 mmol/g (109.18 mg/g) for Zn(II), and 1.53 mmol/g (79.56 mg/g) for Cr(VI). The unique properties of chitosan make it an exciting and promising agent for purification of industrial wastewater purposes. The capacities of Cr(VI) and Zn(II) adsorption onto chitosan were strongly dependent on solution-pH, contact time, and temperature. The highest adsorption capacities were observed at pH 6 for Zn(II) and at pH 5 for Cr(VI), and at temperature 10 °C. Adsorption kinetic data were well-fitting with the pseudo-second-order kinetic model for both metals. Cr(VI) and Zn(II) ions adsorption onto chitosan beads could be described well by the Langmuir model with a R 2 equal to 0.997 and 0.915, respectively. Thermodynamic quantities such as Gibb's free energy (ΔG°), enthalpy (ΔH°), entropy (ΔS°), and isosteric heat of adsorption (ΔH x ) indicated that both metal ions adsorption onto chitosan beads was exothermic, spontaneous, and the surface of chitosan beads was energetically homogeneous. It was observed that at low pH, swelling of chitosan beads occurred and tended to form a gel. Therefore, it is necessary to modify chitosan physically or chemically before applicable use in adsorption.
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